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Abstract 
 
Calcium (Ca)-substituted polycrystalline Yb2-xCaxFe3Si5 was prepared using a multi-anvil high-pressure and high-temperature 
synthesis method. Magnetization and electrical conductivity measurements revealed the suppression of antiferromagnetic behaviour 
by doping Ca to the ytterbium (Yb) site. Increasing the doping amount of Ca to Yb2-xCaxFe3Si5 gradually changed the metallic 
behaviour to a semiconductor-like behaviour. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
 
        Heavy fermion systems of R2T3X5 (R-rare earth metals, T-transition metals, X-Si,Ge) have attracted considerable 
attention because of their unusual magnetic, electronic, and transport properties. At lower temperatures, some of them 
exhibit superconducting transitions; for example, rare-earth silicide’s such as Lu2Fe3Si5 and Tm2Fe3Si5 show 
superconductivity at temperatures of 6.0 K and 1.2 K, respectively [1-2]. Studies on nonmagnetic impurity doping to 
superconducting Lu2Fe3Si5 revealed rapid suppression of the superconductivity [3]. Studies on the ytterbium (Yb)- 
based intermetallic compound that crystallizes in a tetragonal (P4/mnc) structure revealed Kondo-lattice behavior at 
low temperature with antiferromagnetic (AFM) properties. The absence of superconductivity in heavy fermion 
systems are likely due to the scattering of electrons influenced by the high density of local magnetic moments. Several 
reports explain in detail the AFM ordering and the Kondo-lattice behavior in Yb2Fe3Si5 [4-6]. However, the 
application of high pressure and substitution to the heavy fermions remains largely unexplored. We report here the 
preparation of Yb2Fe3Si5 using a high-pressure and high-temperature synthesis method by substituting calcium (Ca) 
for Yb in polycrystalline compounds of Yb2-xCaxFe3Si5, which influence the structural, magnetic, and electronic 
properties. Magnetic and resistivity measurements revealed unusual features, in which the AFM behaviour gradually 
decreased and a semiconductor-like behavior gradually appeared by substituting large amount of Ca for Yb. 
 
2. Experimental 
 
        Polycrystalline samples of Yb2-xCaxFe3Si5 with x = 0, 0.2, 0.4, 0.6, and 0.8 were synthesized by mixing fine 
powders of pure Yb (99.9% purity; Rare Metallic Co., Ltd), Iron (Fe; 99.9% purity; Rare Metallic Co., Ltd), Silicon 
(Si; 99.9% purity; Wako Pure Chemical Industries, Ltd), and calcium silicide (CaSi; laboratory made). CaSi was 
prepared from Ca and Si pieces (99.9% purity; Rare Metallic Co., Ltd) by an arc melting method in an argon 
atmosphere by repeatedly arc melting to obtain a homogeneous mixture. Approximately 10% of Ca pieces were 
further added to the stoichiometric starting composition during the melting process. A 1:1 ratio of Ca:Si was 
confirmed by x-ray diffraction (XRD) from a sample of the prepared powder. A well ground mixture of all powders 
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was pressed into a pellet, placed in a pre-prepared pyrophyllite sample cell, and heated in a cubic anvil type high-
pressure apparatus at 1500 °C under a pressure of 5 GPa for 20–30 min and quenched to ambient temperature before 
releasing the pressure. An XRD study was performed to investigate the prepared compounds in ambient temperature 
conditions using a PANalytical X-pert system with monochromatic Cu-K  radiation. It should be noted that, 
substitution by an arc-melting method using metal flakes on a water-cooled hearth in high purity argon atmosphere 
was unsuccessful as far as we attempted. With temperatures ranging from 2–350 K and an applied magnetic field of 1 
kOe, under field-cooling (FC) and zero-field-cooling (ZFC) conditions, magnetic susceptibility ( ) measurements were 
performed using a magnetic property measurement system (Quantum Design). The electrical resistivity ( ) of the 
polycrystalline pellets was measured at temperatures between 2 K and 300 K by a physical property measurement 
system (Quantum Design). For the resistivity measurements, gold wires were fixed using silver epoxy over the pellets 
and the conventional four-terminal method was used; the ac-gauge current and frequency were 1 mA and 110 Hz, 
respectively. 
 
 
Fig. 1 (a) Powder XRD patterns of Yb2-xCaxFe3Si5 (x = 0–0.8). (b) Lattice parameters vs. nominal Ca- concentration. 
 
3. Results and discussion 
 
        XRD patterns for Yb2-xCaxFe3Si5 (where x = 0.0, 0.2, 0.4, 0.6, 0.8) are shown in Fig. 1. Bragg reflections were all 
indexed very well by a tetragonal unit cell with a space group of P4/mnc (128), which agrees well with previously 
reported results for Yb2Fe3Si5 [7]. Lattice parameters were calculated and plotted with respect to x, as shown in 
Fig.1(b), which clearly indicate the gradual increase in the lattice constants a and c by increasing the substitution 
percentage of Ca for Yb. This gradual increase in lattice constants clearly indicates the successful substitution of Ca 
for Yb site. Maximum substitution of Ca for Yb is found at 40%, and further substitution resulted in a structural 
change that led to distorted phases. For the measured XRD samples, magnetic susceptibility measurements were 
carried out under an applied magnetic field of 1 kOe as a function of temperature in ZFC and FC conditions, as shown 
in Fig. 2.  
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Fig. 2 T dependence of magnetic susceptibility for Yb2-xCaxFe3Si5 (x = 0–0.8), under a magnetic field of 1 kOe. 
 
        Fig. 2 shows an AFM transition at a temperature of 44.5 K, which is likely due to the 3d spin (Fe) ordering, as 
suggested previously [5]. With decreased temperature, the curve drops gradually and starts increasing from 8.5 K, 
likely owing to the 4f spin (Yb) ordering [5]. Substitution of Ca from 10% to 40% for Yb site shows changes in the 
susceptibility behavior, as shown in the upper half of Fig. 2; it shows an upturn and the susceptibility gradually 
increases with lower temperature to 2 K. The paramagnetic characteristics may be due to the decreasing influence of 
the AFM interactions caused by increasing the Ca substitution. The inverse magnetic susceptibility 1/  from 2 K to 
350 K for Yb2-xCaxFe3Si5 (where x = 0.0, 0.2, 0.4, 0.6, 0.8) is shown in Fig. 3. Upon decreasing the temperature in the 
Yb2Fe3Si5 compound below room temperature, 1/  decreases linearly until 250 K and then drops from the Curie–Weiss 
fitting line. Magnetic susceptibility is explained clearly using the Curie–Weiss law , where C is the Curie 
constant and c is the Weiss temperature. From the value of Curie constant, the effective moment can be calculated 
using the expression   (x-concentration of Yb ions) [5-6]. The calculated effective moment of Yb2Fe3Si5 is 
3.02 B and c is –638.2 K. This effective moment is much lower than the combined free ion moments of Yb3+ and 
Fe3+, predicting a mixed valance state. Deviation from the Curie–Weiss plot beyond 250 K may be due to Kondo 
lattice contributions and the crystal field, as discussed in a previous report [8]. Upon substituting Ca for Yb, the 
effective moment and c decreased gradually to 3.383 B and -201.5 K respectively, in highly Ca substituted 
Yb1.2Ca0.8Fe3Si5 compounds. Changes in the effective moment and the negative value of c confirmed again that 
substitution of Ca for Yb was successful. Unfortunately, 40% substitution of Ca for Yb did not induce 
superconductivity, likely due to the high scattering rate of the AFM ordered 4f-type moments and disorders present in 
the system. 
 
 
Fig. 3. T dependence of inverse susceptibility for Yb2-xCaxFe3Si5 (x = 0–0.8), under a magnetic field of 1 kOe. 
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        The temperature dependence of  for Yb2-xCaxFe3Si5 (x = 0, 0.2, 0.4, 0.6, 0.8) measured between temperatures of 
2 K and 300 K is shown in Fig. 4. Yb2Fe3Si5 shows a metallic conductivity with higher  at room temperature, which 
slowly decreases with decreasing temperature. The rather poor metallic behavior may be due to scattering related to 
the highly anisotropic structure of the rare earth iron silicide’s [8]. The low temperature region below 35 K shows a 
Kondo-like upturn and below 8 K there is a small drop, which corresponds to a magnetic transition. Substitution of Ca 
for Yb at x of 0.1 and 0.2,  decreases slightly more than the non-substituted Yb site at room temperature. Further 
substitution of Ca at x of 0.3 to 0.4 shows a change in the conducting property from metallic to semiconductor-like 
behavior. This change is likely governed by the degree of disorder caused by the mixing of Ca and Yb in the structure, 
otherwise a valance-instability as discussed in Ref. 8. 
 
 
Fig. 4. T dependence of  for Yb2-xCaxFe3Si5 (x = 0–0.8). 
 
4. Conclusion 
 
        In summary, we studied the substitution effects of Ca in the polycrystalline Yb2-xCaxFe3Si5 by magnetic 
susceptibility and electrical resistivity measurements. Yb2-xCaxFe3Si5 (x = 0, 0.2, 0.4, 0.6, 0.8) was successively 
prepared by using a cubic type multi-anvil high-pressure and high-temperature furnace. Magnetization and electrical 
conductivity measurements revealed the suppression of the scattering rate in the conduction electrons, which was 
caused by substitution of Ca for Yb. The AFM transition with the Kondo-lattice system in the host material gradually 
decreased by increasing the substituting amount of Ca to Yb2-xCaxFe3Si5, and became paramagnetic with 
semiconducting-like behaviour. Further studies of substituting to heavy fermion materials will be required to induce 
superconductivity. 
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